Roc Matheu, [a] AbolfazlG haderian, [a] Laia Francàs, [a] Petko Chernev, [b] Mehmed Z. Ertem, [c] Jordi Benet-Buchholz, [a] Victor S. Batista,* [d] Michael Haumann, [b] Carolina Gimbert-SuriÇach,* [a] Xavier Sala,* [e] and AntoniL lobet* 2 + (4 2 + + )a nd is strongly hydrogenbonded with additional water molecules in the second coordination sphere. Furthermore, under acidic conditions the anilinel igandsa re also protonated to form the corresponding anilinium cationic ligands N-NH 3 + .A dditionally,t he oneelectron oxidized complex {[Ru III {bda-k-(NO) 3.5 }(H 2 O)(N-NH 3 ) 2 ](H 2 O) n } 3 + (5 3 + + )w as characterized, in which the fractional value in the k notation indicates the presence of an additional contact to the pseudo-octahedral geometry of the Ru center. The coordination modes of the complexes were studied in the solid state and in solution through single-crystal XRD, X-ray absorption spectroscopy, variabletemperature NMR spectroscopy,a nd DFT calculations. While k-N 2 Oi sthe main coordination mode for 2 3 + + and 3,anequilibriumt hat involves isomers with k-N
Introduction
The field of water-oxidation catalysis by molecular transition metal complexes has evolvede normously since the early work of Meyer and co-workers on the blue dimer [1] in the early 1980s. [2] Extremely rugged molecular water-oxidationc atalysts (WOCs) based on Ru complexes with turnover numbers( TONs) in some cases greater than 10 6 have been recently reported with confirmed molecular structure maintained throughout the entire catalytic process. [3] [4] [5] Ap rominent family of these catalysts are the recently reported Ru complexes based on the tetradentate ligand 2,2'-bipyridine-6,6'-dicarboxylate (bda 2À ;s ee Scheme 1f or formulas of all ligandsd escribed in this work). [6] [7] [8] [9] [10] In some cases these complexes have catalytic activity that is comparable to that of the natural oxygen-evolving complex of photosystem II (OEC-PSII) in green plants and algae. [11, 12] Further,e ven more active catalysts containing ar elated pentadentatel igand, such as 2,2':6',2"-terpyridine-6,6"-dicarboxylate (tda), have been reported recently. [13, 14] The Ru-bda complexes of general formula[ Ru(bda)(N-Ax) 2 ] (N-Ax is an eutral monodentate pyridyl-type ligand in axial position) constitute af amilyo fc omplexes that are easy to prepare and whose properties can be tuned through the axial ligand.I ndeed, the differentn atures of the axial ligandsc an exert steric, electronic,o rs upramolecular effects that influence the properties of the catalyst. [2, 6, 8, 15, 16] In addition, axial ligands with appropriate functionalities have been used to immobilize this class of complexes on conducting solid surfaces. [17] [18] [19] [20] [21] In oxidations tate II the [Ru(bda)(N-Ax) 2 ]c omplexes have a saturated coordination sphere with distorted octahedral geometry.A ss uch they are not WOCs but in fact catalystp recursors. These complexes enter the catalytic cycle on coordinating a water molecule and reaching highero xidation states. [6, 20, 22, 23] The Ru-aquaf unctionality is important since it providest he capacity to lose protons ande lectrons in ac oncertedf ashion at relativelyl ow potentials and at the same time provides for an OÀOb ond-formations ite. For the particular case in which the axial ligand is 4-methylpyridine (4-Me-py), the X-ray crystal structureo f{ [ 
revealed as even-coordinatec oordination spheref or the Ru IV center with ap seudo-pentagonal-bipyramidalg eometry. [24] In sharp contrast, in oxidations tate II, the corresponding Ru-aqua complexes are not well characterized. Interestingly,t he coordination geometry of the d 6 Ru II ion is expected to be octahedral, since sevenfold coordination would imply violation of the 18-electron rule. [25] Thus,a ssuming the axial ligands do not detach from the Ru-aqua complex, ase videnced by 1 HNMR spectroscopy, [23] the bda 2À ligand must partially decoordinate to generate either ad angling carboxylate group or af rustrated coordination site by decoordination of one of RuÀNb onds of the bipyridyl moiety. [20, 23, 26] The latter is an interesting concept, recently developed, with implications in av ariety of processes including heterolytic H 2 splitting. [27, 28] The main goal of the present work wast os hed light on the potentialc oordination modes of the bda 2À ligand for low oxidation states (i.e.,R u II andR u III ), which is crucial for the coordination of an aqual igand that provides entry into the catalytic cycle. For this purpose, we preparedafamily of Ru-bda complexes (1) (2) (3) (4) (5) 3 + + in Scheme 1) and characterized them by X-ray diffraction, spectroscopicmethods, andD FT calculations.
Results and Discussion
Synthesis and solid-state structures
( 1), [17] which has 4-(pyridin-4-yl)aniline (N-NH 2 )ligandsinthe axial positions, as the starting materialf or all the complexes described in this work (Scheme 2). We chose 1 because of its solubility both in certain organic solvents and in acidic water and because the amino functionality gives easy synthetic access to the family of Rubda complexes depicted in Scheme2.T his family allows us to obtainalarge variety of spectroscopic properties that analyzed together provide ac onsistenta nd comprehensive description of the phenomena occurringi nR u-bda complexes in low oxidation states. Further, the remotelyl ocated amino groups do not influence significantly the redox potentialo ft he Ru complex. [17] The solid-states tructure of 1 was analyzed by XRD, DFT calculations,and X-ray absorption spectroscopy (XAS). Single crystals of 1 wereo btained by slow diffusion of diethyle ther into am ethanol solution, and an ORTEP of its structure is shown in Figure1 and the bond lengthsa nd angles are similar to those of related Ru II complexes containing similart ypes of ligands (d RuÀO/RuÀN = 1.9-2.1 ). [24, [29] [30] [31] The most interesting feature is the equatorial geometry of the first coordination spherei mposed by the bda 2À ligand,g enerating an O-Ru-O angle of 121.78.X AS at the Ru K-edge was carriedo ut on ap owder of 1 ( Figure 2 ). The bond lengths obtained by extended X-ray absorptionf ine structure (EXAFS)s imulation are listed in Ta ble 1 and show very good agreementw ith the XRD data. Further, DFT calculations were carriedo ut for geometrical optimization of 1 at the M06 level of theory, [32] and the main geometric parameters are also listed in Table 1 , whilet he complete data can be found in the Supporting Information. The high degree of consistency of all the metric parameters obtained for 1 by these three methodologies is noteworthy andg ives ah igh level of confidence when they are used for other related structural characterizations (see below).
Complex 1 reacts with an excess of NO + (generated in situ from sodium nitrite) [33] in acidic solutiont of orm [Ru
3 + (2 3 + ), in which the aryl amine ligands of 1 are transformed into diazonium salts [N-N 2 + = 4-(pyridin-4-yl)-benzenediazonium)].I na ddition, an ew Ru(NO) moiety is also formed at the equatorial zone according to Equation (1) . Addition of as aturated solution of KPF 6 allows its isolation as a powdery salt. [17] Suitable single crystals for XRD analysiso f2 Complex 1 can also react with ac oordinating solventa t room temperature, for example, with MeCN to give [Ru
, as shown in Equation (2) . In this complex, the MeCN ligand coordinates to the Ru centeri nt he equatorial plane and again forces the Ru-bda moiety to rearrange its coordination mode by releasing one carboxylate group, similart ow hat is observed for 2 3 + + .S ingle crystals of 3 were obtained by slow diffusion of diethyl ether into asolution of 1 in MeOH/MeCN( 4:1), and its ORTEP is shown in Figure 1 The coordinationo fMeCN is an equilibrium in which the solvent molecule coordinates to and decoordinates from the Ru center.T his equilibrium can be controlled by the concentration of MeCN. For instance, the addition of 20 %o fM eCN to as olution of 1 in methanol allows quantitative generation of 3,a s determined by 1D and 2D NMR spectroscopy (see Figures S1-S7 in the Supporting Information). However,e ven if the amount of 1 present in equilibrium is negligible, as indicated by NMR spectroscopy,i tp recipitates from the solution as a powder, probablyd ue to its very low solubility.
At pH 1.0, 1 reacts with the water solventt of orm {[Ru
A gain, coordination occurs in the equatorial plane with subsequent change in the coordination mode of the bda 2À ligand. In this case, modification of the first coordination spherei nvolves the presence of an etwork of strongly hydrogen bonded H 2 Om olecules as a second coordination sphere. The number of H 2 Om olecules involved in this network is designated n,a nd they strongly interact with the Ru(aqua) moiety and the carboxylate groups of the bda 2À ligand.I na ddition, at this pH the amino groups are protonated to form the corresponding ammonium salts. The proposed 4 2 + + shows two limit isomeric structures, namely,
3 ,t he relative occurrence of which is discussed below.A si so bserved for 3,i nt he solid state the equilibrium shifts towards the more insoluble isomer and generates 1 againw ith no water coordinated to the metal center.
Finally, 4
2 + + can easily be oxidized by atmospherico xygen to paramagnetic d 5 Ru
, as shown in Scheme2.T he fractional value in the k notation here indicatest he presence of an additional contact to the pseudo-octahedral geometry of the Ru center that we consistently found for this type of complexes. This oxidation was monitored by UV/Vis spectroscopy and takes place with a t 1/2 value of approximately 3.3 min at RT accordingt oaf irst-order mechanism (see Figures S10 and S11i n the Supporting Information). The complex was analyzed in solution by EPR spectroscopya nd XAS (see below and Supporting Information).
Dynamicbehavior in organic solvents
The solutions tructures of 2 3 + and 3 were investigated by variable-temperature (VT) NMR spectroscopyi no rganic solvents and by DFT calculations, and the spectra are showni nF igure 4 and in Figures S12 and S13 of the Supporting Information. Figure S12 in the Supporting Information) and the DFT calculated chemical shifts (see Figure 4) . The broadening and splitting of the bda 2À resonances at lower temperatures indicates the presence of dynamic behavior in which the two carboxylate groups of the bda 2À ligand coordinate and decoordinate very rapidly( Scheme3). This is further corroborated by the fact that the resonances for protons C and C' (see Scheme 1) contiguoust ot he carboxylate group are by far the ones that suffer the largests hift of more than 0.4 ppm. An activation energy of 12.5 kcal mol À1 is obtainedf or this process from the spectra (see Figure S14 in Figure S13 in the Supporting Information). At RT the main isomer observed is the k-N 2 O, the resonances of which coalesce on heating to at emperature close to 320 K. In this case, the activation energyo btained from the spectra is 15.0 kcal mol À1 (see Figure S15 in the Supporting Information). The X-ray structures and VT NMRr esults clearlys howapreferencef or the k-N 2 Oc oordination mode of the bda 2À ligand in 2 3 + and 3,i nt he absence of hydrogen bonding with the second coordination sphere. The preference for the k-N 2 Oc oordination mode for Ru-bda complexes with coordinated MeCN ligand has been observed in relatedR u-bda complexes. [34, 35] Thisi si na greement with the HSAB theory, [36] according to which Ru in low oxidation states prefers soft p-acceptor ligands such as pyridyl over hard carboxylate ligands. 
Dynamicbehavior in acidic aqueous solutions

HNMR spectrum of 1 is typical of as ix-coordinate Ru
II complex with C 2v symmetry. All resonances could be unambiguously assigned on the basis of 2D NMR spectra [17] and were also supported by NMR chemical shifts calculated at the M06 level of theory.H owever,t he addition of CF 3 SO 3 Dd issolved in D 2 Os ignificantly broadened the resonances,a nd some of them were strongly shifted ( Figure 5 ). The Fp rotons (Scheme 1), which are close to the amino group, suffer the largests hift due to protonationo fthe amino group. The small shift of the Dp rotons indicatest hat the Ru center is almost unaffected by protonation of the amino groups. Further,a t2 5% of pD = 1.0 solution, we recorded VT NMR spectra up to 240 K, at which the resonances sharpen again,a ss hown in Figure5(right), consistentw ith the presence of as ingle symmetrical isomer.I nc ontrast to the previous VT NMR spectra for 2 3 + ,n ow both Ba nd Cp rotons show similar shifts, which suggest ad ifferent type of dynamic behavior in which both the RuÀNa nd RuÀOb onds are simultaneously formed and broken (Scheme 4). Further, the VT NMR results are consistentw ith coordination of aw ater molecule to the Ru centero na ddition of an acidic aqueous solution.T he formation and breaking of the Ru 2 + + in an identical manner to those prepared for NMR analysis and carried out EPR measurements. The absence of an EPR signal rules out the formation of any traces of the one-electron oxidized species 5 3 + + and thus confirms that the nature of the NMR resonance broadening is solely due to the dynamic behavior.T he same behavior also occurs in other Ru-bda catalystss uch as [Ru(bda-k-N We carriedo ut DFT calculations for both the
2 + + isomers using either two or four water molecules of solvation.W ec hose al imited number of water molecules as am odel,a lthough clearly a much larger number of water molecules will be involved as second and third coordination spheres of the Ru center.T he structures with two or four water molecules of solvation yielded similar results in terms of geometrical features and relative energies of the isomers( see Figures S21 and S22 and Ta blesS4 and S5 in the SupportingI nformation). To simplify the discussion we present only
isomers, the optimized geometries and relevant metric parameters of whichare depicted in Figure6and Table 1 . The first interestingf eature of the optimized structures for
2 + is the presenceo fah ydrogen-bonding network between the Ru-aqua group and the carboxylate groups of the bda 2À ligand whichr esembles that in the crystal structure of
. [24] It is also informative to comparet he distancesb etween Ru and the Na nd Oa toms of the bda 2À ligand in both isomers. For the [4- 
2 + + isomer these distancesa re very similart ot hose of 2 3 + + with ac haracteristicd istance between the Ru atom and the Oa tom of the dangling carboxylate group of 3.45 .O nt he other hand, for [4-k k- DFT [c] (N) The isomers of the one-electron oxidized complex,
3 + + ,w ere also optimized at the M06 level of theory,a nd the corresponding structures and most relevant geometric parameters are presentedi nF igure 6 and Ta ble 1. For the one-electrono xidized isomers, the bond lengths of the first and second coordination spheres are shortened compared to those found for the 4 2 + + counterparts, as expected. [37] However,t he most relevant distances for both isomers (RuÀN2 .46 for [5-k k-NO To extract further experimental evidence about the potential combination of equilibria acting in the Ru(aqua) complexes bearingt he bda 2À ligand in aqueous solution, we carriedo ut XAS on frozen solutionso f5 3 + + .T he results obtaineda re showni nF igure 2a nd Ta ble 1t ogether with those of 1, [Ru III Cl 3 (trpy)] (trpy = 2,2':6',2"-terpyridine) and Ru IV O 2 ,w hich were used as reference materials.
Ta ble 1l ists the metric parameters 5 3 + + ,e xtracted from EXAFS simulations ( Figure 2B ). The EXAFS spectralc hanges for 5 3 + + compared to 1 involve an overall shortening of the RuÀN/ Ob ond lengths, leading to homogenizationo ft he Ru-ligand distances in the first coordination sphere. Notably,adistance of about 2.54 that improves the quality of the EXAFS fit by a factor of aboutt wo was detected ( 3 + + ,a nd this confirms the presence of these speciesinf rozen aqueous solution (Table 1) .
To the best of our knowledge, this is the first experimental demonstrationt hat the k k-NO 2 coordination mode of the bda 2À ligand is relevanti nt he combination of potential isomersi nvolved in Ru-bda-type complexes in low oxidation states, althoughi th ad been suggested on the basis of DFT calculations. [26] In addition, we also found as imilar distance for the [Ru(tda)(py) 2 + coexist in the crystal structure. [13] This counterintuitive behavior of the coordination modes of bda 2À in 4 2 + and 5 3 + ,w hich is different from that of their homologues 2 3 + + and 3 in organic solvents, is mainly associated with the strongh ydrogen-bondingb elt among the aqua and carboxylate ligands, whichp rovidest he driving force to push away the bpy part of the bda 2À ligand with decoordination of one of the Na toms. [26] 
Conclusions
Our resultsb ased on VT NMR and XAS data as well as DFT calculationsp rovide ad etailed description of the nature of the speciesi nvolved in the catalysis of water oxidation by Ru-bdatype complexes in low oxidations tates, in which the critical Ru(aqua) moiety that provides access to the catalytic cycle is formed. Ther esultss how the fundamentaln eed for af lexible and adaptablel igand, such as bda 2À ,b oth from an electronic and geometrical perspective, to comply with the demands of the Ru centers in the different oxidation states.F urther,f or the first time we have shown experimentally the presence of isomers in Ru-bda-type complexesi nw hich the ligand binds in a k k-NO 2 fashion.
Experimental Section
For synthetic procedures, X-ray crystallographic data in CIF format, and additional experimental, spectroscopic, electrochemical, and computational data, 
